Introduction
Metallic nanostructured materials [1] , owing to their novel and unique size-dependent properties, have attracted much attention in antibacterial and biomedical [2] [3] [4] , catalytic [5] [6] [7] [8] , optical [9, 10] , electronic [11, 12] and quantum-size-domain [13] applications.
Silver has long been known as an inorganic material having strong inhibitory and bactericidal effects as well as antimicrobial activity against a broad range of microbes [14, 15] . Recently, systematic studies have reconfirmed the effective antimicrobial activity of silver [16] [17] [18] [19] [20] [21] . In this regard, researchers strongly desire to renew the bactericidal application of silver, because of the evolution of new strains of bacteria that are resistant to current antibiotics [22] .
It is generally believed that when Ag atoms transform into ions, the multiplication of bacteria may be prevented, probably because of the interaction of the ions with the DNA structure of bacteria [23, 24] . Furthermore, these positively charged ions may bind to the bacterial cell wall membrane (slightly negative), damage it and thus alter its functionality [23] [24] [25] .
On the basis of this mechanism, silver can inhibit the growth of a wide variety of microorganisms such as molds, viruses, bacteria and so forth [26] [27] [28] [29] [30] . More importantly, silver nanostructures, such as silver nanoparticles, provide a large surface-area-to-volume ratio and a high fraction of surface atoms [31] , which enhance the antimicrobial activity of silver, even at low concentrations [32] [33] [34] [35] [36] [37] . The antibacterial action of electrodes [38] , particularly silver electrodes, as an extremely bacteriostatic material [39] [40] [41] when used as the anode, even at low currents, is also well known. Therefore, the development of silver nanostructure-based technology can promote the resurgence of the medical use of silver, particularly in applications designed to kill pathogen microorganisms.
In this work, we have studied a method in which an electric field was applied in the direction of silver nanorods grown on a titanium interlayer to enhance their antibacterial activity against Escherichia coli (E. coli) bacteria as a typical Gram-negative bacterium. In addition, the physical characteristics of the grown nanorods including surface topography, crystalline structure and optical properties were also investited.
Experimental details

Preparation of samples
P-type Si(100) wafers with a resistivity of 8-10 cm and cut into 10 × 10 mm 2 pieces were used as substrates and cleaned by the standard Radio Corporation of America (RCA) method. This cleaning procedure is the industry standard method for removing contaminants from wafers, the basic procedure of which was developed by Werner Kern in 1965 while working for RCA. The native oxide on the surface of the substrates was subsequently removed by rinsing them in dilute HF solution (HF: H 2 O = 1 : 20 by volume) for 20 s. Then, the wafers were dried by ultrahigh-purity nitrogen before loading into a vacuum chamber with a base pressure of about 2 × 10 −6 Torr. In each run, the deposition of a 10 nm Ti buffer layer was followed by that of a 100 nm Ag film by dc magnetron sputtering without breaking the vacuum. All depositions were performed in Ar discharge gas with a pressure of 5 mTorr. The film thicknesses were monitored in situ using a quartz crystal oscillator calibrated by the interferential optical technique.
The deposited samples were annealed at a high temperature of 700
• C in Ar(80%) + H 2 (20%) ambient with a flow rate of 1 litre min −1 for 30 min. During the heat treatment of the Ag/Ti/Si multilayer thin films, a uniform electric field (E h ) of 10 V cm −1 was applied normal to the thin film/substrate surface to control the growth of silver nanorods in one dimension. Note that no direct voltage was applied to the nanostructures, which were located between two plates of a capacitor producing the desired electric field, so that the polarity of the nanorod tips was positive.
Characterization of samples
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were utilized to study the surface topography of the grown nanostructures. A UV-visible spectrophotometer was used to determine the optical reflection and thus the absorption of the films containing silver nanorods in the wavelength range of 300-1100 nm with 1 nm resolution. Phase formation and the preferential crystallographic orientation of the samples were determined by θ-2θ x-ray diffraction (XRD) analysis from 15 to 85
• with a step of 0.005 using radiation from a Cu-Kα source.
Antibacterial test
To evaluate the antibacterial activity of the grown silver nanorods, E. coli (American Type Culture Collection No. 25922) was selected as a typical Gram-negative bacterium. Before the microbiological experiment, all glassware and samples were sterilized by autoclaving at 120
• C for 15 min. The Ag nanorods grown on the Ti interlayer were immersed in 10 ml nutrient broth inoculated with about 10 5 cfu ml −1 E. coli (cfu = colony forming units). Then, the solution containing the sample was incubated in the dark in a shaking incubator at 37
• C for 50-135 min (depending on the antibacterial activity of the sample at different values of applied electric field). During the incubation process, an electric field (E) with a value in the range 10-50 V cm −1 was applied perpendicular to the film surface (parallel to the nanorods). For easy and accurate counting of the numbers of grown bacterial colonies, 0.1 ml of the treated solution was diluted with deionized water to a suitable volume. Then, the diluted solution was spread on a nutrient agar plate and incubated at 37
• C for 48 h before counting the number of bacterial colonies.
Results and discussion
Figure 1(a) shows an SEM image of a Ag/Ti/Si thin film heat treated at 700
• C without applying an electric field during the heat-treatment process. Many silver nanoparticles with a nearly cubic shape were formed among the heat-treated silver layer. The side length of the silver nanocubes was measured to be in the range of 15-50 nm. AFM analysis (not shown here) indicated that the average side length and height of the cubic nanoparticles were in the ranges of 40-70 and 30-90 nm, respectively. It can also be seen that the corners of the nanocubes were slightly truncated; thus, the silver nanoparticles formed mainly had a polygonal cross section. By applying an electric field perpendicular to the surface during the heat-treatment process, silver nanorods with a columnar structure and a polygonal cross section were produced on the Ti layer. Figure 1(b) shows a cross-sectional SEM image of the silver nanorods grown in an applied electric field on the Ti interlayer. The width and height of the nanorods are 20-60 and 260-550 nm, respectively. The Ti interlayer with a thickness of about 20 nm deposited on the Si substrate is also distinguishable in the SEM image. The thinner Ti layer compared with the as-deposited value may be related to the interdiffusion of Si and Ti atoms at their interface. It was previously shown that silver thin films with thickness 25 nm deposited on a Ti buffer layer retain their integrity at a high annealing temperature of 700
• C [42] . The aspect ratio of the tips of the silver nanorods (defined as the ratio of the height of the pyramidal tip to its width) was estimated as 0.4-0.7, corresponding to apex angles of • . Note that the formation of silver nanoparticles, nanowires and nanorods with polygonal cross sections has also been reported elsewhere (see for example, [43] [44] [45] ). Figure 2 shows the UV-vis absorption spectrum of the silver nanorods grown on the Ti interlayer. Two absorption bands located at about 350 and 395 nm characterize the spectrum. The peaks are attributed to the surface plasmon resonance (SPR) bands of the longitudinal and transverse modes of the silver nanorods, respectively. In fact, it was previously reported that the main SPR peaks for Ag nanorods and nanowires appear at ∼350 and ∼380 nm [44] [45] [46] [47] [48] [49] [50] [51] . In some reports (e.g. [47, 48] ), the peaks were attributed to the SPR bands of the longitudinal and transverse modes of Ag nanowires, respectively. However, in [49, 50] , the same peaks were attributed to the out-of-plane quadrupole and out-of-plane dipole resonance modes (transverse modes) of the one-dimensional Ag structures, respectively. Figure 2 also shows a tail band above 450 nm, which can be attributed to the overlapping of the in-plane quadrupole and dipole resonance modes of the Ag nanowires with peaks at 445 and 514 nm, respectively [50] . Figure 3 shows the XRD spectrum of the silver nanorods grown on the Ti layer. The peaks were assigned to diffraction from the (111), (200) and (220) planes of metallic silver with a face-centered cubic (fcc) structure. A peak related to metallic Ti with (200) orientation was also observed very near the Ag(111) peak. The lattice constant of the silver nanorods was calculated as 0.4089 nm, which shows good consistency with the value of 0.4086 nm in the literature [52] . The intensity 300 400 500 600 700 800 900 1000 1100 Intensity (arb. unit) Figure 3 . XRD spectrum of silver nanorods grown on a Ti interlayer.
ratios of (200)/(111) and (220)/(111) peaks were measured as 3.43 and 0.25, respectively, indicating the abundance of {100} facets, as also shown in the growth mechanism of silver nanorods and nanowires [45] . The mean crystallite size (D) of the silver nanorods was determined as 20 nm using the Scherrer method for the (200) diffraction peak, consistent with the SEM observation. The antibacterial property of the grown Ag nanorods against E. coli bacteria was investigated at various applied electric fields. Figure 4 shows the results obtained. It can be seen that the number of viable bacteria reduced exponentially. The slope of the fitted line yields the relative rate of reduction of the number of viable bacteria. Without applying an electric field to the silver nanorods, the rate of reduction of the number of viable bacteria was calculated as 3.9 × 10 −2 min −1 , corresponding to a time of 135 min to kill all the bacteria (10 5 cfu ml −1 ) under our experimental conditions. It was previously observed (not shown here) that 11 h was required for the complete removal of all bacteria in the presence of thin films containing cubic silver nanoparticles (shown in figure 1(a) ). By applying an electric field, the antibacterial activity of the silver nanorods was promoted. Increasing the applied electric field from 10 to 50 V cm −1 enhanced the rate of reduction of the number of viable bacteria from 4.8 × 10 −2 to 10.5 × 10 −2 min −1 . This increase corresponds to a 63% reduction in the time required to kill all the bacteria from 110 to 50 min. However, for the cubic silver nanoparticles ( figure 1(a) ), after applying an electric field of 50 V cm −1 , the reduction in the time was less than 1 h, i.e. less than 10%. Therefore, the surface topography of the grown silver nanostructures is a significant parameter determining the antibacterial activity of the films. The inset of figure 4 shows that the application of an electric field leads to an exponential reduction in the time required to kill all the bacteria and correspondingly to an exponential increase in the rate of reduction of the number of viable bacteria in the solution. Increasing the applied electric field corresponds to increasing the silver ion concentration near the tips of the silver nanorods and /or in the solution without any change in the linear trend observed in the range 0-50 V cm −1 . Therefore, an increase in the applied electric field should result in the same exponential reduction in the time required to kill all the bacteria. The fitted line in the inset of figure 4 satisfies the equation t = 135 × 10 −E/115 , where t is the time required to kill all the bacteria in min and E is the applied electric field in V cm −1 . This equation shows that the effective electric field (defined as the electric field required for a 90% reduction in t at E = 0) is 115 V cm −1 under our experimental conditions. The antibacterial activity of silver ions on microorganisms is a well-known effect, but the bactericidal mechanism is only partially understood. It has been proposed that silver ions interact with the thiol groups of proteins, which are important for bacterial respiration and the transport of substances through the cell wall [53, 54] . In addition, silver ions can bind to the bacterial cell wall and thus alter the function of the bacterial cell membrane [24, 25] . Experimental evidence also suggests that the interaction of silver ions with bacteria causes their DNA molecules to lose their replication capability [24] . However, silver metal is slowly changed to silver ions in physiological systems and also in environments containing microorganisms at, for example, room temperature. By applying an electric field in the direction of grown silver nanorods, the free positive charges of the metallic silver nanorods become highly concentrated on their tips. This means that by applying an electric field, more silver ions are available on the tip surface to interact with bacteria. In addition, the nonuniform and strong electric field produced near the tips of the nanorods attracts the bacteria to the tips, increasing the probability that they come in contact with silver ions. Our proposed method may be useful for medical applications and the food-packaging and -preserving industries, where strong and fast antibacterial action is required at low temperatures (e.g. human body or room temperature).
Conclusions
Bactericidal silver nanorods with a polygonal cross section, a width of 20-60 nm, a length of 260-550 nm and a tip aspect ratio of 0.4-0.7 were successfully grown and aligned on a titanium interlayer by applying an electric field perpendicular to the surface of a Ag/Ti/Si(100) thin film during its heat treatment at 700
• C in an Ar + H 2 environment. The optical absorption spectrum of the silver nanorods displayed the corresponding SPR bands at wavelengths of 350 and 395 nm, corresponding to the longitudinal (out-of-plane quadrupole) and transverse (out-of-plane dipole) modes of the one-dimensional silver nanostructures, respectively. XRD analysis showed that crystallized silver nanorods with an fcc structure and a crystal size of about 20 nm were abundant in {100} facets. It was found that the grown silver nanorods show strong and fast antibacterial activity against E. coli bacteria. Applying an electric field in the direction of the nanorods (without any electrical connection between the nanorods and the capacitor plates producing the electric field) promoted their antibacterial activity, because it increased the silver ion concentration on the tips of the nanorods and also attracted the bacteria toward the silver nanostructures. It was shown that in the absence of an electric field, the rate of reduction of the number of viable bacteria was 3.9 × 10 −2 min −1 , corresponding to a time of 135 min to kill all the bacteria. However, by increasing the electric field from 10 Sci. Technol. Adv. Mater. 10 (2009) 015003 O Akhavan and E Ghaderi to 50 V cm −1 , the rate of reduction exponentially increased from 4.8 × 10 −2 to 10.5 × 10 −2 min −1 , corresponding to a reduction of the time required for the complete removal of the bacteria from 110 to 50 min. Therefore, aligned silver nanorods on a Ti layer with an electric field can be utilized in the medical and food-preserving industries, which require an efficient antibacterial material that is effective at low temperatures.
